We have shown that highly purified vacuoles of suspensioncultured tomato (Lycoperskon esculentum) cells contain RNAoligonucleotides, using two different approaches to label and detect RNA: (a) in vivo labeling of cellular RNA with [5-3H]uridine, followed by preparation of vacuoles from protoplasts and by quantification of radioactively labeled material; and (b) in vitro labeling and analysis on sequencing gels of nucleic acids prepared from tomato vacuoles and their identification as RNA. The intravacuolar location of the RNA found in vacuolar preparations was concluded from analyzing for RNA intact organelles after repeated flotation steps as well as ribonuclease A treatment.
followed by preparation of vacuoles from protoplasts and by quantification of radioactively labeled material; and (b) in vitro labeling and analysis on sequencing gels of nucleic acids prepared from tomato vacuoles and their identification as RNA. The intravacuolar location of the RNA found in vacuolar preparations was concluded from analyzing for RNA intact organelles after repeated flotation steps as well as ribonuclease A treatment.
About 3% of the RNA in protoplasts was localized within vacuoles, exceeding by severalfold the contribution made by contamination with unlysed protoplasts and subcellular organelles. Investigation of the size distribution of vacuolar RNA revealed an oligonucleotide pattern strikingly different from that which would arise from contaminating protoplasts; vacuolar RNA fragments are considerably shorter than 80 nucleotides. Characterization of these oligoribonucleotides (3'-phosphorylated termini; relatively rich in pyrimidines) as possible products of tomato vacuolar ribonuclease I action, and, in addition, enzymatic hydrolysis of vacuolar RNA by inherent enzyme activities in lysed vacuole preparations support the hypothesis that plant vacuoles are involved in cellular nucleolytic processes.
Involvement in degradative pathways of the cellular turnover of macromolecules is thought to be one of the most prominent functions of vacuoles in plants (for a review, see refs. 5 and 6) . This has mainly been concluded from the occurrence of a broad spectrum of acid hydrolases in plant vacuoles (24) , rendering this organelle homologous to the lysosomes in animal cells (6) .
Until now, proteolysis is the best-characterized lytic process in that plant vacuoles have been found to participate. In most cases, intracellular proteases have been found to be located in the vacuole (see ref. 6 ). This organelle was shown to be directly involved in the breakdown of storage proteins during germination in seeds (22) and to be able to acquire and degrade intracellular proteins in suspension-cultured sycamore cells (8, 9) .
In contrast to these studies, which support the role of vacuolar proteases in the continuous turnover of cellular proteins, little is as yet known about a possible nucleolytic function of plant vacuoles. Although vacuoles contain a set of potentially nucleolytically acting enzymes [nuclease, ribonuclease, acid phosphatase (24) ], which could completely digest nucleic acid substrates down to nucleosides and phosphate, the biological significance of the individual vacuolar enzymes and of the vacuolar compartment per se in intracellular nucleolytic events remains to be proven.
In an attempt to elucidate the hypothesized (12, 31) role of plant vacuoles in cellular RNA breakdown, we have shown in previous studies that isolated vacuoles (13, 14) from suspension-cultured tomato cells (28) contain the bulk (60-80%) of the intracellular RNA-degrading activity (1). The vacuolar ribonucleolytic enzyme has been purified (2), extensively characterized (2, 3), and classified as RNase I according to the classification of Wilson (31) . The search for a function of this enzyme in the possible vacuolar degradation of cellular RNA includes the search for the presence ofRNA constituents in the vacuoles. In accordance with this we found previously (17) that tomato vacuoles sequestered up to 35% of the amount of cellular uridine. Here, we present evidence for the occurrence of oligoribonucleotides in isolated tomato vacuoles that most probably have been derived from vacuolar RNA degrading processes.
MATERIALS AND METHODS Cell Culture and Preparation of Protoplasts
Cells oftomato (Lycopersicon esculentum Mill cv Lukullus) were propagated in suspension culture (28) . Protoplasts were prepared according to the method of Abel and Glund (1) .
Isolation and Purification of Vacuoles and Vacuolar Sap
Vacuoles were liberated from protoplasts (prepared from cells of the late logarithmic growth phase, 4 d) in the presence of 5 mM EDTA and RNase A (0.5 mg ml-') and were purified in a discontinuous gradient as described previously (1) . At that stage, yield of vacuoles (calculated on the basis of amannosidase activity [14] ) varied between 10 and 20%. To obtain highly pure organelles, isolated vacuoles were further purified by reflotation using the same gradient as for their initial isolation. Yield of organelles decreased to between 5 and 10%. Organelle suspensions directly taken from the top interface were used for further manipulations and are referred to as "purified vacuoles."
Preparation of vacuolar sap was essentially performed according to the method of Kaiser et al. (15) . Purified vacuoles were disrupted by shock freezing (liquid nitrogen) after the addition of vanadyl-ribonucleoside complexes (18) (final concentration 10 mM). The thawed mixture was layered on the top of a sucrose cushion (2 mL of 15 mM KH2PO4-K2HPO4, pH 8.0, 0.5 M sucrose) and membraneous material was sedimented by centrifugation at 1 20,000g for 2 h at 4°C.
[3H]Uridine Incorporation Cells were subcultured into 20 mL of medium and supplied with the radioactive precursor (80 MBq in water, sterilized by autoclaving). After growth for 3.5 d, protoplasts and vacuoles were prepared. Perchloric acid was added to aliquots of the protoplast or vacuole preparation (0.5 N final concentration). The probes were incubated for 2 h in ice and filtered through Whatman GF/C filters to collect acid-insoluble material. After washing with 10 ml of 0.5 N perchloric acid and chloroform/ether (1/1), dhied discs were introduced into scintillation vials, supplied with 1 mL methanol and 10 mL 2,5-diphenyloxazole-1,4-bis(2,5-phenyloxazolyl)benzene and measured for acid-insoluble radioactivity. Untreated suspensions of protoplasts and vacuoles were used directly for determination of total radioactivity. 
End-Labeling and Electrophoresis of Nucleic Acids
Nucleic acids were 5' end-labeled with [Y_-32'P]ATP, and RNA was 3' end-labeled with [5'-32P]pCp as described previously (10) . Radioactively labeled nucleic acids were separated by electrophoresis on 20% or 10% polyacrylamide sequencing gels containing 8 M urea (18) and were visualized by autoradiography at -70°C using an intensifying screen.
Hydrolysis of Vacuolar RNA Fragments by Base-Specific RNases
Elution from polyacrylamide/urea gels of 5' end-labeled vacuolar RNA fragments was done according to the method of Kiss et al. (16) . Alkaline hydrolysis as well as enzymatic (7). Malate dehydrogenase, alcohol dehydrogenase, and catalase were determined by the spectrophotometric assays described by Bergmeyer (4) . Citrate synthase and NADPH-glyoxylate reductase were assayed spectrophotometrically according to the method of Srere (27) Plant Physiol. Vol. 94, 1990 Maniatis et al. (19) . All other reagents were of analytical reagent grade.
A BC D E RESULTS

Purity of Isolated Tomato Vacuoles
Because only minute amounts of RNA were expected to be detectable in vacuolar fractions, estimation and improvement ofthe purity ofisolated tomato vacuoles was a major concern. Contaminating protoplasts, which might severely interfere with attempts to localize RNA in vacuoles, had almost completely been eliminated from vacuolar preparations during an additional flotation step of isolated organelles, as judged by microscopical inspection (not shown). Furthermore, marker enzyme activities indicative for extravacuolar contaminations were either not detectable (citrate synthase, mitochondria; NADPH-glyoxylate reductase, proplastids; alcohol dehydrogenase, cytosol) or found to be present in vacuolar preparations at very low levels of activity (0.4% for catalase, peroxisomes; <0.3% for malate dehydrogenase, mitochondria, cytosol and, implicitly, intact protoplasts). In a previous study (14) , we found that tomato vacuolar preparations contained considerable, but with culture age characteristically varying activities of ER marker enzymes (up to 15%), which implies that these enzymes are not restricted to the ER but are also located in the tonoplast. All data were calculated on the basis of a-mannosidase, which has previously been shown to be a vacuolar marker in tomato protoplasts (13, 14) .
To further test vacuolar preparations for contamination by protoplasts and/or rough ER, nucleic acids prepared from purified vacuoles and protoplasts were hybridized to plasmid DNA containing rRNA genes of tomato (1 1). As can be seen in Figure 1 , the hybridization signal arisen from nucleic acids in vacuolar preparations was comparable with the signal caused by an amount of protoplasts (0.27%) that coincides well with the malate dehydrogenase activity determined in vacuolar preparations. This suggests a contamination with unlysed protoplasts and/or rough ER ofvacuolar preparations by maximal 0.3% (Fig. 1) .
Detection of Nucleic Acids in Tomato Vacuolar Preparations
Two different approaches have been used to label and detect nucleic acids (aimed at RNA) in tomato vacuolar fractions:
(a) in vivo labeling of cellular RNA by administering [5-3H] uridine to suspension-cultured tomato cells, followed by preparation of vacuoles from protoplasts and by quantification of radioactively labeled material; and (b) in vitro labeling and analysis on sequencing gels of nucleic acids prepared from purified vacuoles.
The vacuolar/extravacuolar distribution of in vivo radioactively labeled material was determined for tomato protoplasts. As shown in Table I , approximately 4% of the total and 3% of the acid-insoluble labeled material in protoplasts were associated with the vacuolar fraction. The latter amount exceeded extravacuolar marker enzyme activities and contamination by protoplasts and/or rough ER (measured as rRNA hybridization; see Fig. 1) severalfold (see above) . To obtain information on the size distribution ofthe nucleic acid material in vacuolar preparations, nucleic acids prepared from cells, protoplasts, and purified vacuoles were radioactively labeled at their 5'-termini and separated on 20% acrylamide/8 M urea sequencing gels to detect and compare low molecular weight material. As can be seen in Figure 2 , the electrophoretic pattern of end-labeled nucleic acids from protoplasts (lane D) was similar to that of cells (lane C), but was strikingly different from the respective pattern of purified vacuoles (lane E). In contrast to the electrophoretic pattern of nucleic acids from protoplasts, which revealed a nearly equal size distribution of labeled oligonucleotides (up to about 200 nt) accompanied by a continual increase of their frequencies from shorter to longer oligonucleotides, the electropherogram of labeled vacuolar nucleic acids showed an almost complete absence of oligonucleotides longer than 80 nt. Most interestingly, the bulk of labeled vacuolar nucleic acid material was represented by oligonucleotides shorter than 50 nt, with higher frequencies resulting from shorter nucleic acid fragments (Fig.  2 , lanes E, G, and H). After lysis of purified vacuoles and removal by ultracentrifugation of the tonoplast fraction and, thereby, of any particulate and membraneous contaminating material, nucleic acids of the supernatant gave rise essentially to the same electrophoretic pattern of 5' end-labeled oligonucleotides (Fig. 2, lane F) , as those prepared from unprocessed organelles (lane E). This suggests that a small fraction of cellular nucleic acids (see below) is sequestered in the vacuolar compartment.
Identification as RNA Oligonucleotides Figure 3 shows the pattern of vacuolar oligonucleotides, which were radioactively 5' end-labeled after incubation of lysed vacuoles with RNase A or DNase I, respectively. Treatment of vacuolar nucleic acids with DNase I (Fig. 3, lane A) had, in comparison with the pattern of an untreated control preparation (lane D; note that lanes A and B were loaded with 10-fold the amount of vacuolar equivalents as lanes C and D), virtually no effect, whereas digestion with RNase A (lane B) led to a complete disappearance of long oligonucleotides (50-80 nt) and to a concomitant accumulation of very short fragments (smaller than about 15 nt).
Enzymatic (RNase A) or selective chemical hydrolysis (0.5 N KOH or 1.6 N HC104) of the RNA fraction of in vivo radioactively labeled acid-insoluble material solubilized more than 95% of incorporated radioactivity. Treatment with DNase I or extraction with phenol/chloroform failed to significantly reduce acid-insoluble incorporated radioactivity (not shown), thus confirming the RNA nature of the tritiumlabeled material.
Intravacuolar Localization of Oligoribonucleotides
To provide more evidence that a distinct fraction ofcellular RNA is present within vacuoles, isolated organelles were analyzed for RNA after repeated flotation steps or treatment with RNase A.
The data shown in Table II (first experiment) clearly document that the organelle-specific acid-insoluble radioactivity (i.e. cpm-unit a-mannosidase-') was nearly constant after each additional centrifugation step, indicating no loss of tritium-labeled RNA per flotated vacuole. To estimate the amount of unspecifically co-migrating radioactivity, crude vacuoles (cleared protoplast lysate) prepared from nonlabeled cells were incubated in a sonicated lysate of protoplasts (vacuoles disrupted) prepared from labeled cells. Only approxi- Labeling of cells, preparation of protoplasts, purification of vacuoles, and precipitation of radioactive material were done as described. Radioactivity was calculated as cpm-unit a-mannosidase-1 and is given as percent (100% corresponds to about 1400 cpm-unit a-mannosidase-1). Recentrifugation of isolated vacuoles was performed using a simplified purification gradient (1).
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Step 4 Step 5 Experiment mately 5% of the amount of acid-insoluble incorporated radioactivity of the control (vacuoles prepared from labeled cells) were found associated with non-labeled vacuole preparations (Table II, second experiment) .
Treatment with RNase A of intact organelles (crude or isolated vacuoles) followed by flotation resulted in a decrease of only 3 to 10% of organelle-specific acid-insoluble radioactivity, as compared with untreated controls (Table II, third  experiment) . Accordingly, inspection of electropherograms of vacuolar RNA prepared from RNase A-treated (Fig. 3 , lane C) and untreated (Fig. 3, lane D) , intact vacuoles revealed identical patterns of 5' end-labeled oligoribonucleotides. In conclusion, these experiments demonstrate the intravacuolar location of the RNA material detectable in vacuolar preparations.
Evidence for a Vacuolar Nucleolytic Compartment
To study if the RNA material in tomato vacuoles can be degraded by vacuolar nucleolytic activities in vitro, isolated vacuoles prepared from radioactively labeled cells were destabilized and incubated to follow the hydrolysis of tritiumlabeled RNA by inherent enzyme activities. Approximately 75% of the vacuolar acid-insoluble radioactivity was solubilized after 2 h of incubation (Fig. 4A) . Addition of RNase A after 90 min could further hydrolyze radioactively labeled RNA (to about 95%), whereas addition of a potent RNase inhibitor (vanadyl-ribonucleoside complexes (18) ] strongly inhibited solubilization of acid-insoluble radioactivity (by >90%) (Fig. 4A) . We were not able, however, to demonstrate the hydrolysis of vacuolar RNA in intact organelles, supposingly owing to long incubation times needed (compare lanes C and D in Fig. 3 ; no detectable loss ofRNA in intact vacuoles after their exposure to exogeneous RNase A for 30 min), which might reflect intravacuolarly protection of RNA fragments, and to a concomitant decrease in morphological stability. Endogenous hydrolysis of tritium-labeled RNA in preparations of lysed isolated vacuoles was optimal at pH 5.7 (Fig.  4B) , a value very similar to the pH optimum of the purified tomato vacuolar RNase I [pH 5.6 (21) ]. This enzyme has previously been characterized as an acid phosphotransferase that hydrolyzes single-stranded RNA preferentially adjacent to purine residues (2, 3) .
To compare the vacuolar RNA material with products of vacuolar RNase I action, vacuolar oligoribonucleotides were analyzed for phosphorylated termini and for a rough estimate of their purine/pyrimidine base composition. RNA material treated with 0.1 N HCl/alkaline phosphatase (decyclization of 2',3'-cyclic phosphates followed by dephosphorylation) was considerably more susceptible to 3' end-labeling with [5 _-32p] pCp than untreated oligonucleotides (Fig. 5, lanes C and D) , whereas pattern and frequencies of 5' end-labeled oligoribonucleotides were highly similar for dephosphorylated and nondephosphorylated vacuolar RNA (Fig. 5, lanes H and I) . This suggests that the bulk of vacuolar RNA has 3'-phosphorylated termini. The RNAs of four prominent bands selected from an electropherogram of 5' end-labeled vacuolar oligoribonucleotides (see Fig. 2 ) were further analyzed to estimate their purine/pyrimidine contents. After elution from the gel, 5' end-labeled RNA fragments were digested with pyrimidine-or purine-specific RNases under conditions of uoles prepared and lysed as above were incubated for 30 min at 300C in 100 mm citric acid-NaOH (0-0) or 100 mm NaH2PO4-Na2HPO4 (0-4). After reaction, acid-insoluble radioactivity was determined as described.
limited hydrolysis. The resulting cleavage products were separated on sequencing gels (Fig. 6 ), revealing the richness in pyrimidines of the investigated oligonucleotides.
DISCUSSION
In an attempt to investigate the participation of plant vacuoles in cellular RNA degradation, which has been proposed in view of the vacuolar location of several nucleolytic enzymes (12, 31) Fig. 1 ) of ribosomal RNA (taken as a marker for co-flotating protoplasts).
Contamination by residual rough ER membranes or by other RNA containing particular material was minimized by performing protoplast lysis in the presence of EDTA (which dissociates nucleoprotein particles) and high concentrations of RNase A. This was proven by recentrifugation studies (Table II) , and by similar gel-electrophoretic patterns of the RNAs from vacuolar sap and intact organelles (Fig. 2 , lanes E and F). Together with the insensitivity of vacuolar oligoribonucleotides to RNase A action, unless vacuoles are destabilized (Fig. 3) Table I ). High purity of isolated tomato vacuoles was ascertained by 
